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Abstract: Some field theory aspects can be addressed holographically by introducing
D-branes in the string theory duals. In this work, we study this issue in the framework
of a dual of N = 1 YM, the so-called Maldacena-Nu´n˜ez model. Some supersymmetric
embeddings for D5-brane probes are found and they are interpreted as the addition of
fundamental flavors to the gauge theory. This allows to give a dual description of some
known aspects of N = 1 SQCD and to compute a mass spectrum of mesons.
1 Introduction
The duality between string theories and large Nc gauge theories proposed by ’t Hooft
has led to surprisingly fruitful results during the last years. The best understood example
relates type IIB string theory on AdS5×S
5 to N = 4 super Yang-Mills in four dimensions.
Nevertheless, a large amount of work has also been devoted to the extension of the duality
to less symmetric, more realistic, setups. The interest of this generalization is obvious
and the final goal would be to find a string dual of large Nc QCD.
In order to develop models with reduced supersymmetry, one possibility is to consider
branes wrapping supersymmetric cycles inside special holonomy manifolds. In some cases,
it is possible to construct the corresponding supergravity solution. In this note, we will
deal with the Maldacena-Nu´n˜ez (MN) model [1], constructed along these lines.
D-branes are very useful to provide an insight of how some field theory aspects can
be recognized in the dual setup. In particular, fields transforming in the fundamental
representation of the gauge group must be dual to open strings with just one end on the
gauge theory branes. This suggests that, in order to add flavor to a gauge theory living
on a stack of Nc D-branes, one should add another stack of Nf D-branes. We will review
the explicit realization of this idea in the framework of the MN model [2].
2 The gravity solution and its Killing spinors
The MN model was proposed as a string theory dual of N=1 SU(N) Yang-Mills in the
IR. The setup consists of a stack of Nc D5-branes extended in 1+3 Minkowski dimensions
and moreover wrapped on the finite two-cycle inside a conifold. When one decouples
the modes on the sphere, the open strings attached to the branes give effectively a four
1
dimensional gauge theory. The conifold breaks the supersymmetry to 1/4 and the branes
further half it, so there are four supercharges left corresponding to one Majorana spinor
in four dimensions.
The corresponding supergravity solution was computed in [3]. It realizes a geometric
transition so the two-cycle shrinks and a finite three-cycle supported by RR flux is left.
The (non-singular) metric can be written in terms of the following vielbein (type IIB
theory, Einstein frame):
ex
i
= e
φ
4 dxi (i = 0, 1, 2, 3) , e1 = e
φ
4
+h dθ , e2 = e
φ
4
+h sin θdϕ ,
er = e
φ
4 dr , eiˆ =
e
φ
4
2
(wi − Ai ) (i = 1, 2, 3) , (1)
where:
A1 = −a(r)dθ , A2 = a(r) sin θdϕ , A3 = − cos θdϕ . (2)
and the w’s are SU(2) left invariant one-forms parameterizing the S3:
w1 = cosψdθ˜ + sinψ sin θ˜dϕ˜ , w2 = − sinψdθ˜ + cosψ sin θ˜dϕ˜ ,
w3 = dψ + cos θ˜dϕ˜ . (3)
The functions appearing above and the dilaton are, explicitly:
a(r) =
2r
sinh 2r
, e2h = r coth 2r −
r2
sinh2 2r
−
1
4
, e−2φ = e−2φ0
2eh
sinh 2r
. (4)
Finally, the D5-branes are source for a RR three-form field strength:
F(3) = −
1
4
(w1 −A1 ) ∧ (w2 −A2 ) ∧ (w3 −A3 ) +
1
4
∑
a
F a ∧ (wa − Aa ) , (5)
where F a is defined as an su(2) field strength: F a = dAa + 1
2
ǫabcA
b∧Ac . In the following,
we will need the explicit expressions of the Killing spinors of the solution [2]:
ǫ = e
α
2
Γ1Γˆ1 e
φ
8 η , (6)
where η is a constant spinor satisfying:
Γx0···x3 Γ12 η = η , Γ12 η = Γˆ12 η , η = iη
∗ . (7)
Indices are referred to the frame defined in eq. (1). On the other hand, α is a function of
the radial variable which introduces the necessary rotation on the Killing spinor [4] and
reads:
cosα = coth2r −
2r
sinh2 2r
. (8)
Reviews of the model and its relation with the dual gauge theory can be found in [5].
3 Supersymmetric brane probes
Different gauge theory objects are described holographically by the introduction of new
branes in the setup (see, for instance, [6]). In this setup, D5-branes wrapping the S3
are domain walls, fundamental strings represent QCD strings, D3-branes wrapping an S2
inside the S3 are bound states of fundamental strings and D3-branes wrapping the S3 give
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the baryon vertex. By using (6), (7), one can check that the supersymmetry preserved
agrees with what is expected from the field theory.
The goal of this work is to explain the introduction in the theory of dynamical quarks.
This can be achieved by introducing branes extended in all Minkowski directions. They
should also stretch to infinity in the holographic (radial) direction. Then, their infinite
volume makes the open strings with both ends on these new branes decouple from the
theory. The open strings with one end on each kind of branes are fundamental matter in
the gauge theory [7]. This reasoning has also been followed to add flavor to the theories
on the conifold [8] and also non supersymmetric theories [9].
In the Maldacena-Nu´n˜ez model, one has to consider D5-branes extended ortogonally to
the field theory branes inside the conifold [10]. In principle, one should find a new gravity
solution which includes the backreaction of these new branes. However, finding this kind
of backreacted solutions is in general very difficult (for recent progress in this topic in
different scenarios, see [11]). Therefore, we will treat the flavor branes as probes living
in the background. This, of course, limits the analysis to the quenched approximation
Nf ≪ Nc. The physics of the probes is described by the Born-Infeld + Wess-Zumino
action, and one can study their supersymmetry using the kappa-symmetry techniques. As
we know from the field theory side that quark multiplets can be introduced without further
breaking supersymmetry (obtaining N = 1 SQCD), this will be our guiding principle.
We will require the fulfilment of:
Γκ ǫ = ǫ , (9)
without introducing projections on the Killing spinor different from (7). This yields a
system of first order equations for the functions defining the possible embeddings of the
probes.
4 Holographic flavor
Equation (9) for a D5-brane probe leads, in general, to a very complicated system of
equations. This problem was addressed in [2] where several solutions were found.
Let us focus on the solutions more interesting from the field theory point of view, those
that can be naturally interpreted as flavor branes. These embeddings are the equivalent
of the hypersurfaces considered in [12]. Let us first consider the far UV of the gauge
theory. In the gravity solution, it is described by neglecting terms exponentially small in
r, i.e. taking a(r) = 0. Then a solution of (9) is found by identifying the two-sphere and
a two-sphere inside the three-sphere:
θ˜ = θ , ϕ˜ = ϕ+ ϕ0, (10)
where ϕ0 is an arbitrary integration constant
1. Moreover, one has to set:
ψ = ψ0 , e
r =
er∗
sin θ
(a(r) = 0) , (11)
ψ0, r∗ being two new integration constants. This embedding can be generalized when
considering the full gravity solution and therefore exploring the IR of the gauge theory.
Eq. (10) remains unchanged, but instead of (11), one finds:
ψ = π, 3π , sinh r =
sinh r∗
sin θ
. (12)
1Another possibility is to take θ˜ = pi − θ, ϕ˜ = 2pi − ϕ+ ϕ0 .
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These embeddings are depicted in figure 1. Let us comment on some gauge theory aspects
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Figure 1: Pictorial representation comparing the embeddings defined in (11) (dashed line) and (12) (solid
line) for the same value of r∗. The variables on each axis are x = r cos θ, y = r sin θ. The curves for two
different values of r∗ (r∗ = 0.5 and r∗ = 1) are shown. The massless (r∗ = 0) limit would be a brane
extended along the x axis at y = 0.
that can be read from the above configurations. First of all, let us analyze the global
symmetries of the theory. The geometric dual of the R-symmetry of the theory is related
to shifts of the ψ angle. It has been shown that the pattern of symmetry breaking of
the unflavored theory is explicitly realized by the gravity solution [1]. The spontaneous
breaking to ZZ 2 in the IR is related to the formation of a gaugino condensate < λ
2 >,
whose gravitational counterpart is the function a(r). In the theory with flavor, there is
also a squark condensate < ΦΦ¯ > which realizes this breaking. Therefore, it is appealing
to find this behavior from the probe point of view, as in the IR (12) two particular values
of the constant ψ0 are selected. There is also a U(1) symmetry unbroken by the solution,
related to ϕ0. This can be identified with the baryonic U(1) of the gauge theory which
stays unbroken, in agreement with a theorem by Vafa and Witten [13].
The constant of integration r∗ can be identified with the mass of the quarks, as it
gives the minimal distance between the gauge theory branes and the flavor branes and
therefore determines the minimal energy of an open string stretching between them. This
allows us to consider the massless limit by taking r∗ → 0 in (12). Clearly, now the branes
are extended in r at fixed θ = θ˜ = 0, π. But this limit is not continuous as the brane
breaks into two pieces and because, moreover, one cannot consider fluctuations of the
type described below. This is the holographic counterpart of the fact that, for massless
flavors, there is a runaway potential in the field theory that does not allow the formation of
< λ2 >, < ΦΦ¯ >, and therefore there is no stable vacuum. Moreover, one can check that
in this limit one can again take any ψ = ψ0 as expected because there are no condensates
that break the R-symmetry.
The spectrum of low energy excitations of the brane probes describes the physics of
the open strings (quarks), and, therefore, one can identify it with the low energy states
of the gauge theory, i.e. the mesons [14]. With this purpose, let us consider quadratic
fluctuations around the stable embedding:
r(θ, x, ϕ) = r0(θ) + e
ikx eilϕ ζ(θ) , (13)
where r0(θ) corresponds to the solution (12). By inserting this ansatz in the Born-Infeld
action, one finds the lagrangian determining the dynamics of the system. Then, one
would like to compute the normalizable modes which should give the quantized, physical,
oscillations and get an expression for the allowed masses M2 = −k2. Unfortunately, this
is not possible because all modes have infinite norm. This is related to the fact that the
solution cannot be trusted for large r as the dilaton grows unbounded. The same problem
was found when computing glueball masses in this background [15]. One can avoid this
problem by introducing an UV cutoff r = Λ for the fluctuations. This is not unnatural
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since mesons are an IR effect. The cutoff should not introduce a new scale in the setup.
One should take the scale separating the IR from the UV, which coincides with the scale
at which the dilaton becomes large. A precise value of Λ cannot be given, but it can
be estimated to be around Λ ≈ 3. One may think about this procedure as taking the
difference between the oscillations around (11) and (12) which are almost identical at
scales above Λ. Analyzing the equations of motions by means of numerical computation,
we found that the mass spectrum for the scalar mesons is compatible with:
Mn,l(r∗,Λ) =
√
m2(r∗,Λ) n2 + l2 (14)
where m(r∗,Λ) stands for the mass of the lightest meson. The quantum number l comes
from the KK modes not present in the dual field theory and so it should be set to zero
for the physical case. Finally, one can also find numerically the dependence of the meson
masses on r∗, i.e. the quark mass.
m(r∗,Λ) =
π
2Λ
+ b(Λ) r2
∗
. (15)
Our numerical results compared to the models (14), (15) are depicted in fig. 2.
2 4 6 8 10 12 14
2
4
6
8
10 Mn,l
n
0.2 0.4 0.6 0.8
0.525
0.53
0.535
0.54
0.545
0.55
r
*
m ( r
*
,Λ)
Figure 2: The spectrum of mesons found numerically. The figure on the left gives the tower of meson
masses in terms of the quantum number n for different values of l (r∗ = .3, Λ = 3). The one on the right
depicts (for Λ = 3) the lightest meson mass in terms of r∗, which can be identified with the mass of the
dynamical quarks. The solid lines are given by the equations (14), (15) respectively.
It is also worth to point out that it is also possible to deal with vector mesons by
considering excitations of the gauge field living on the brane probes. The relevant ansatz
is:
Aµ(θ, x, ϕ) = ǫµς(θ) e
ikx eilϕ , (16)
where ǫµ is a constant polarization four-vector. The numerical computation yields an
spectrum almost identical to the one computed for scalar mesons (14), (15) and therefore
the model predicts a degeneracy between both kinds of states. This fact should be related
to the supersymmetry of the theory living on the branes.
Acknowledgement It is a pleasure to thank C. Nu´n˜ez and A.V. Ramallo for collab-
oration on these topics. I would also like to thank the organizers of the 37th Symposium
Ahrenshoop for their kind invitation. This work was partially supported by RTN con-
tracts MRTN-CT-2004-005104 and MRTN-CT-2004-503369 and by a European Union
Excellence Grant, MEXT-CT-2003-509661.
5
References
[1] J. M. Maldacena and C. Nu´n˜ez, “Towards the large N limit of pure N = 1 super
Yang Mills, Phys. Rev. Lett. 86 (2001) 588, hep-th/0008001.
[2] C. Nu´n˜ez, A. Paredes and A. V. Ramallo, “Flavoring the gravity dual of N = 1
Yang-Mills with probes”, J. High Energy Phys. 0312 (2003) 024, hep-th/0311201.
[3] A. H. Chamseddine and M. S. Volkov, “Non-Abelian BPS monopoles inN = 4 gauged
supergravity, hep-th/9707176; “Non-Abelian solitons in N = 4 gauged supergravity
and leading order string theory”, Phys. Rev. D57 (1998) 6242, hep-th/9711181.
[4] J. D. Edelstein, A. Paredes and A. V. Ramallo, “Let’s twist again: general metrics
of G2 holonomy from gauged supergravity”, J. High Energy Phys. 0103 (2003) 011,
hep-th/0211203; “Singularity resolution in gauged supergravity and conifold unifica-
tion”, Phys. Lett. B554 (2003) 197, hep-th/0212139.
[5] M. Bertolini “Four lectures on the gauge/gravity correspondence”, Int. J. Mod. Phys.
A18 (2003) 5647, hep-th/0303160; F. Bigazzi, A.L. Cotrone, M. Petrini, A. Zaffaroni,
Riv. Nuovo. Cim 25N12 (2002) 1, hep-th/0303191.
[6] A. Loewy and J. Sonnenschein, “On the holographic duals ofN = 1 gauge dynamics”,
J. High Energy Phys. 0108 (2001) 007, hep-th/0103163;
[7] A. Karch and E. Katz, “Adding flavor to AdS/CFT”, hep-th/0205236.
[8] P. Ouyang, “Holomorphic D7-branes and flavored N=1 gauge theories”, Nucl. Phys.
B699 (2004) 207, hep-th/0311084; T. Sakai and J. Sonnenschein, “Probing flavored
mesons of confining gauge theories by supergravity”, J. High Energy Phys. 0309
(2003) 047, hep-th/0305049, D. Area´n, D. Crooks and A. V. Ramallo, “Supersymmet-
ric probes on the conifold”, J. High Energy Phys. 0411 (2004) 035, hep-th/0408210;
S. Kuperstein, “Meson spectroscopy from holomorphic probes on the warped de-
formed conifold”, hep-th/0411097.
[9] J. Babington, J. Erdmenger, N. Evans, Z. Guralnik and I. Kirsch, “Chiral symmetry
breaking and pions in non-supersymmetric gauge/gravity duals”, Phys. Rev. D69
066007, hep-th/0306018; M. Kruczenski, D. Mateos, R. Myers and D. Winters, “To-
wards a holographic dual of large-Nc QCD”, hep-th/0311270.
[10] X.-J. Wang and S. Hu, “Intersecting branes and adding flavors to the Maldacena-
Nu´n˜ez background”, J. High Energy Phys. 0309 (2003) 017, hep-th/0307218.
[11] J. Erdmenger and I. Kirsch, “Mesons in gauge / gravity dual with large number of
fundamental fields”, hep-th/0408113; B. A. Burrington, J. T. Liu, L. A. Pando Zayas
and D. Vaman, “Holographic duals of flavored N = 1 super Yang-Mills: Beyond the
probe approximation”, hep-th/0406207.
[12] F. Cachazo, K. Intriligator and C. Vafa, “A large N duality via a geometric transi-
tion”, Nucl. Phys. B603 (2001), 3, hep-th/0103067.
[13] C. Vafa and E. Witten, “Restrictions on symmetry breaking in vector-like gauge
theories”, Nucl. Phys. B234 (1984) 173.
[14] M. Kruczenski, D. Mateos, R. Myers and D. Winters, “Meson spectroscopy in
AdS/CFT with flavour”, J. High Energy Phys. 0307 (2003) 049, hep-th/0304032.
6
[15] L. Ametller, J. M. Pons and P. Talavera, “On the consistency of the N = 1 SYM
spectra from wrapped five branes”, Nucl. Phys. B674 (2003) 231, hep-th/0305075.
7
